Core ideas
• Weed seedbanks were compared in three rice planting systems: machine-transplanted rice, water direct-seeded rice, and dry direct-seeded rice.
• Weed seedbanks were mainly distributed in soil within a depth of 10 cm.
• Dry direct-seeded rice tended to maintain larger seedbanks of sedges, grasses, and some upland weeds.
• Water direct-seeded rice contained the smallest weed seedbank overall.
• Machine-transplanted rice had larger seedbanks of broadleaf weeds and some traditional rice weeds.
management strategies (Feng et al., 2015; Li et al., 2012) . Although weed community succession in rice fields under different planting systems has been studied in many countries (Kraehmer et al., 2016; Rao et al., 2007; Watanabe, 2011) , weed seedbanks under different rice planting systems have seldom been compared. Rice cultivation in Jiangsu Province, China, is a useful model system for understanding weed seedbank composition as a response to different rice planting systems. Jiangsu is one of the main rice planting regions in China with an annual planting area of 2.27 million ha (National Bureau of Statistics of China, 2015) , and contains large areas of MTR and DSR, including WDSR and DDSR. In 1986 DSR planting area was 7000 ha in Jiangsu Province, and increased to 387,000 ha in 2012 (Sun et al., 2014) . Among the DSR fields, about 62% were DDSR and 38% were WDSR (unpublished data, 2012) . The popularization of MTR in Jiangsu Province started in 1999. In 2001 the MTR planting area was <10,000 ha, and by 2012 there were 1.10 million ha using the MTR system (Sun et al., 2014) . The principal weed species in Jiangsu fields include many of the worst lowland weeds, such as Echinochloa Beauv. spp., weedy rice, Leptochloa chinensis (L.) Nees, Digitaria sanguinalis, Fimbristylis miliacea (L.) Vahl, Cyperus difformis, C. iria L., Monochoria vaginalis (Burm. F.) Presl ex Kunth, A baccifera L., Sagittaria pygmaea Meq., Ludwigia prostrata Roxb., and Alternanthera philoxeroides (Mart.) Griseb. (Holm et al., 1979; Kraehmer et al., 2016; Li, 1998) . Therefore, a comparison of weed seedbanks among MTR, WDSR, and DDSR methods in Jiangsu may improve integrated weed management for rice cultivation. We investigated the weed seedbanks of 18 rice fields in one county of Jiangsu Province. All of the fields were planted for at least five consecutive years using the same planting method (MTR, WDSR, or DDSR) . The purpose of the study was to determine the characteristics of the weed seedbank under MTR, WDSR, and DDSR.
Material and Methods study area
To better compare the composition of weed seedbank under DDSR, WDSR, and MTR, we selected study area with the following criteria: (i) having MTR, WDSR, and DDSR fields in the same county; and (ii) having villages planting rice for at least five consecutive years using the same planting method (MTR, WDSR, or DDSR) . Wujin is the only county in Jiangsu province that matches these criteria. Moreover, in Jiangsu province, there are rice growers renting >50 ha fields and form large farms. These growers tend to have uniformed planting and management practices on the most of their fields, and seldom use hand weeding. Also, fields with uniformed planting and management practices could be good examples for studying the seedbank characteristics. Therefore, we contacted to farmers with fields (>50 ha) for this study.
Field sampling was conducted in rice fields in Wujin County (31°20¢ to 31°54¢ N, 119°40¢ to 120°12¢ E), Jiangsu Province, China, in 2014. Wujin county, located in the plain of the Yangtze River delta in East China, has a subtropical climate with an average annual temperature of about 20.2°C, average rainfall of about 1090 mm, and an average frost-free period of 220 to 230 d (data provided by local Plant Protection Station, a government organization that is responsible for assisting farmers and introducing pesticides to farmers). Paddy fields in Wujin County are commonly used to grow rice from June to October, during the hot and moist season (Fig. 1) , and to grow wheat from November to May.
field site description
In 2013, with the assistance of the Wujin Plant Protection Station, we contacted four growers from four villages in Wujin County to request permission to sample in fields during 2014 (Fig. 2) . For each village sampled, the majority of fields were rented by the grower we contacted, and most fields used the same planting system with irrigation water from nearby streams and pools. For each MTR, WDSR, and DDSR system, six rice (O. sativa subsp. japonica) fields (each with an area of 1000-1400 m 2 ), located in four villages, were sampled to study weed seedbanks 5 to 10 d before harvest. Thus, a total of 18 fields were sampled (Table 1) , each of which employed the same planting system (MTR, WDSR, or DDSR) consecutively for at least 5 yr. All the fields sampled were typical paddy soil. Soil texture, soil fertility status, organic matter content, and soil pH were not determined for each field. Typical paddy soil in Wujin County is with pH 5.89 to 6.25, soil organic matter content about 26.0 g kg -1 at the end of rice growing season, and ratio of sand: silt: clay = 18: 45: 37 (data provided by local Plant Protection Station). Herbicides applied during the rice growing seasons for these 18 fields included an application of preemergence herbicide, an application of post-emergence herbicides to kill weeds at the three-to five-leaf stage, and another application of post-emergence herbicides to control broadleaf weeds. For both WDSR and DDSR fields, pre-emergence herbicides were applied 3 to 4 d after sowing; first application of post-emergence herbicides were applied about 20 d after sowing; and second application of post-emergence herbicides were applied about 40 d after sowing. For MTR fields, pre-emergence herbicides were applied 5 to 6 d after transplanting; first application of post-emergence herbicides were applied about 20 d after transplanting; and second application of post-emergence herbicides were applied about 40 d after transplanting. Before each herbicide application, water was applied to the solute and/or to distribute herbicides (300 L water for broadcasting 1 ha fields).
Rice was planted 5 to 10 June for DSR and 15 to 25 June for transplanting with MTR to the study area during different years. Rice varieties planted in these fields during the previous 5 yr included Wuyunjing 23 and Nanjing 46. The growth duration of Wuyunjing 23 and Nanjing 46 are about 158 and 165 d, respectively. Both this two varieties were commonly planted in Wujin County. In 2013 and 2014, all the 18 fields sampled were planted with Wuyunjing 23. The growers we contacted bought rice seeds from seed companies that guaranteed seed quality and purity. Differences in flooding strategies among DDSR, WDSR, and MTR fields occurred mainly prior to the four-leaf stage of rice. For DDSR, fields were moist (but not flooded) before seeding to facilitate the germination of rice and were flooded at the two-to three-leaf stage to a depth of 4 to 5 cm. For WDSR, pre-germinated seeds were sown in fields with water at a depth of about 1 cm, and fields were flooded at the two-three-leaf stage to a depth of 4 to 5 cm. For MTR, rice seedlings at the three-to four-leaf stage (seedling age: 18-20 d) were transplanted in fields containing a water depth of about 2 cm. The MTR fields were tilled to a depth of about 15 cm before rice planting, and DSR fields (including WDSR and DDSR) were tilled to a depth of about 8 cm. Rice fields were flooded for both DSR and MTR for rice from two-to three-leaf stage to the end of tillering stage (about 20 d). Farmers irrigated water onto fields to a depth of 4 to 5 cm, then stopped irrigating; and re-irrigated water until the soil in fields was in saturated conditions. Wheat cultivating systems in the fields sampled were similar. After rice harvested, fields were tilled to a depth of about 8 cm, then wheat seeds (variety Yangmai 16) were sown to field. Herbicides applied during the wheat growing seasons for these 18 fields included a winter application and a spring application. Isoproturon seedbank sampling Soil samples were taken in October of 2014. In each field, 35 evenly spaced markers were placed. A 20-cm soil plug was collected using a soil sampler (3.5 cm in diameter) at each marker and split into four layers according to depth: 0 to 5, 5 to 10, 10 to 15, and 15 to 20 cm. All the soil from the same layer of the same field was combined into one sample.
The soil samples were air-dried and pulverized. Each soil sample was divided into 10 subsamples, of which three were used to determine the weed seedbank (Feng et al., 2015) . Soil from each subsample was placed in a small nylon mesh bag (pore diameter of 0.1 mm) and washed with tap water to remove the clay. The residue, which contained the weed seeds, was air-dried and sieved through increasingly finer meshes (10, 20, 40, 60, 80, 100, and 120 mesh) . The residue of each sifting was placed in a Petri dish and examined under a microscope for identification. The species of each seed was identified according to illustrated handbooks (Guan et al., 2000; Yin and Yan, 1997) . Viability of seeds was assessed by applying a slight pressure using tweezers (Li et al., 2012; , Vasileiadis et al., 2007) .
The average number of seeds of the three subsamples of each main sample was considered the seed abundance for each species in each soil sample. A total of 72 soil samples were collected as follows: three planting systems × six field replications × four soil depths. The exact subspecies of Echinochloa crus-galli seeds washed and sieved from soil samples were unidentifiable and thus the seeds were treated as a single species. Field observation revealed that the E. crus-galli species growing on the sampled fields mainly included E. crus-galli var. crus-galli and E. crus-galli var. mitis.
statistical analyses
Seeds of companion rice weed species (during the rice growing season) were included in the data analysis. We tested the relationship between geographic distance and weed seedbank composition among the four villages sampled. Specifically, pairwise geographic distances, pairwise Bray-Curtis and Jaccard dissimilarities of weed seedbank (with "village-seedbank of different weed species" data matrix) were calculated among the four villages with the "vegan" add-on package (Oksanen et al., 2015) in R 2.12.1 (R Development Core Team, 2015) . Then linear regression between spatial distances and dissimilarities were conducted. To test the effects of different factors on the seedbanks of total weeds, grass weeds, sedge weeds, and broadleaf weeds, general linear mixed effects models were employed, using Mixed Models in the SPSS 16.0 statistical package, with both fixed (i.e., planting system and sampling depth) and random (i.e., herbicide regime nested, within field nested, and within village) effects. In these general linear mixed effects models, sampling depth was treated as covariate. The relationship between seed abundance of different weed groups (total weeds, broadleaf weeds, grasses, and sedges) and soil depth under different rice planting systems were regressed using a logarithmic model. The soil depths were coded in the following way: 1 = 0 to 5 cm, 2 = 5 to 10 cm, 3 = 10 to 15 cm, and 4 = 15 to 20 cm. Canonical correspondence analyses (CCA) were conducted to further test relationships between rice planting systems and the composition of weed seedbanks, using a vegan add-on package (Chen et al., 2013; Oksanen et al., 2015) in the R2.12.1. Seeds of three weed species (Aeschynomene indica L. Polygonum hydropiper L., and Ranunculus sceleratus L.) were only observed in 1 out of 72 soil samples and thus were not included in the CCA. results species richness of weed seedbank Seeds of 26 companion weed species of rice, comprising 16 families, were observed among the 72 total soil samples, with 20 weed species showing a frequency >10% (Table 2) . Among these 26 weed species, there were six grass weeds (five from the Poaceae family and one from the Juncaceae family), seven sedges, and 13 broadleaf weeds (including Monochoria vaginalis, a monocot classified as a broadleaf). Among these 26 weed species, six were perennial weed species: Juncus bufonius L., Eleocharis yokoscensis (Franch. et Savat.) Tang et Wang, Pycreus globosus Retz., Scirpus juncoides Roxb., Veronica anagallis-aquatica L. and Potamogeton distinctus A. Bennett. Seeds of A. baccifera, L. chinensis, and C. difformis were the most frequent and abundant species among the soil samples; L. procumbens and M. vaginalis also occurred with high abundance. Seeds of A. indica, P. hydropiper, and R. sceleratus were only observed in 1 out of the 72 soil samples. Species richness of the weed seedbank was significantly lower (p < 0.05) in MTR than in DDSR and WDSR fields (Fig. 3) ; On average, seedbanks of 15.5, 15.0, and 11.7 weed species were Fig. 3 . Number of rice's companion weed species observed in soil samples with different soil depths of different fields with different rice planting systems. DDSR: dry direct-seeded rice, WDSR: water direct-seeded rice, and MTR: machine-transplanted rice. "F": F value among the three rice planting systems. NS: not significant, * p < 0.05. observed in each DDSR, WDSR, and MTR field, respectively. Moreover, the weed seedbanks in DDSR showed the highest species richness among the three rice planting systems in each soil layer, in particular at a depth of 0 to 5 cm (Fig. 3) .
relationship between geographic distance and weed seedbank Composition
The geographic distance among the four villages ranged from 4.66 to 39.96 km. The Jaccard and Bray-Curtis pairwise dissimilarity values in weed seedbanks of rice fields among the four villages ranged from 0.05 to 0.14, and from 0.38 to 0.66, respectively (Fig. 4) . The low Jaccard dissimilarity values suggested that the species composition of weed seedbanks in rice fields of the four villages were very similar. Moreover, the relationships between geographic distance and both Jaccard and Bray-Curtis dissimilarity values were not significant, with the p values of linear regressions both >0.6 (Fig. 4) . Therefore, geographic distance showed no significant influence on the composition of weed seedbank.
Composition of weed seedbanks
According to CCA analyses, the three rice planting systems all influenced the distribution of the weed seedbank. Seeds of Rotala indica (Wild.), Monochoria vaginalis, Ammannia baccifera, E. crus-galli (L.) Beauv., and L. chinensis tended to be more abundant in MTR fields (Fig. 5) . Seeds of weedy rice and C. difformis tended to be more abundant in DSR fields. Seeds of A. arenaria and L. procumbens tended to be more abundant in WDSR fields. Seeds of V. anagallis-aquatica showed a slight trend toward abundance in DDSR, and seeds of the other 13 weed species were clearly more abundant in DDSR fields; these species included D. sanguinalis, E. indica, S. juncoides, C. iria, L. prostrata, and F. dichotoma. All seven sedges observed tended to be more abundant in DSR fields. However, seeds of R. indica and M. vaginalis tended to be scarce in DDSR fields (Fig. 5) , seeds of E. crus-galli and R. indica tended to be scarce in WDSR fields, and seeds of some weed species that were abundant in DSR fields tended to be scarce in MTR fields, such as sedges, weedy rice, D. sanguinalis, and E. indica.
Vertical distribution of weed seedbank
According to general linear mixed-effects models (Table 3) , differences in rice planting systems significantly influenced the seedbanks of overall weeds and broadleaf weeds (p < 0.05) and had weak influence on sedges (p = 0.080), while they showed no significant influence on grasses (p = 0.303). Soil depth had a significant (p < 0.001) influence on seedbanks of four weed groups. With increasing soil depth, all different weed groups showed a significant (p < 0.05) decrease in seed abundance under different rice planting systems, except for sedges under WDSR, and the decreasing slopes of DDSR were all sharper than those of WDSR and MTR (Fig. 6) .
Most seeds were distributed in soil at a depth of 0 to 10 cm, including 81.7% in DDSR, 82.5% in MTR, and 75.3% in WDSR. Thus, we further analyzed seedbank composition in the soil within 0 to 10 cm. At a soil depth of 0 to 5 cm, seed abundance of overall weeds under WDSR was significantly the lowest among different planting systems (F value between groups = 5.71, p = 0.014), and seed abundance of sedges under DDSR was significantly the highest (F value between groups = 5.03, p = 0.021), while those of grasses and broadleaf weeds were not significant among different rice planting systems. At a soil depth of 5 to 10 cm, seed abundance of overall weeds under WDSR was significantly the lowest (F value between groups = 7.06, p = 0.007), seed abundance of sedges under DDSR was significantly the highest (F value between groups = 4.22, p = 0.035), and seed abundance of broadleaf weeds was significantly the highest under MTR (F value between groups = 6.59, p = 0.009). disCussion weed seedbank Characteristics of dry direct-seeded rice systems The challenge of weed management is more serious in DDSR systems, which contain a larger weed seedbank with higher species richness. The DDSR fields tended to maintain the largest seedbank among the three rice planting systems, with particularly high amounts of seeds of grasses, sedges, and some upland weed species. Many growers have implemented DDSR to deal with the increased costs or decreased availability of labor and water. The risk of grain yield loss due to weeds is greater for DDSR than MTR (Rao et al., 2007) . Some weed species infesting upland crops, such as E. indica, D. sanguinalis, Eclipta prostrata, and F. dichotoma, are troublesome in DDSR (Kraehmer et al., 2016; Rao et al., 2007; Watanabe, 2011) , and are represented by larger seedbanks. Some principal rice weeds, which are able to produce large numbers of small seeds, become even more problematic in DDSR, such as Cyperus iria (Chauhan and Johnson, 2009) , F. miliacea (Chauhan and Johnson, 2009) , and Ludwigia prostrata (Li, 1998) . Moreover, our results showed that the seedbanks of several traditional rice Table 3 . General linear mixed effects models showed the effects of different effects on seed numbers of different weed groups among the 72 soil samples (take planting system and soil depth as fixed effects and others as random effects § Soil depth, including four soil layers: 0 to 5 cm, 5 to 10 cm, 10 to 15 cm, and 15 to 20 cm. Planting system including machine-transplanted rice (MTR), water direct-seeded rice (WDSR), and dry direct-seeded rice (DDSR). Herbicide application strategy and the location of fields and villages are the same in Table 1 . Fig. 6 . Number of seeds per m 2 soil for different weed groups within different soil depths (1 = 0-5 cm, 2 = 5-10 cm, 3 = 10-15 cm, and 4 = 15-20 cm) of fields under dry direct-seeded rice (DDSR), water direct-seeded rice (WDSR), and machine-transplanted rice (MTR) planting system. NS: the R 2 for overall regressions were significant (p < 0.05), except for sedges under WDSR.
weeds tended to be smaller in DDSR fields, such as Monochoria vaginalis and R. indica, both of which are serious rice weeds in Asia (Imaizumi et al., 2008; Rao et al., 2007) .
weed seedbank Characteristics of dry direct-seeded rice systems
The WDSR may be employed as a substitute for DDSR to reduce the weed seedbank. The WDSR fields tended to maintain a smaller weed seedbank, especially regarding sedges and grasses, than did DDSR. The initial growth of weeds may be controlled by flooding and pre-emergence herbicides in the WDSR fields. Later, the pre-germinated rice seedlings may compete more effectively with weeds in the WDSR fields than in the DDSR system. Seedbanks of the principal weed species A. arenaria and L. procumbens tended to be large in WDSR and these species were able to produce a large number of seeds (Kraehmer et al., 2016; Li, 1998; Rao et al., 2007) .
Cyperus difformis and weedy rice, both of which are serious rice weeds, tended to maintain larger seedbanks in both WDSR and DDSR than in MTR (Kraehmer et al., 2016) . Cyperus difformis normally grows in flooded or in very moist soils, and it may be a serious weed in lowland soils used for upland cropping (Chauhan and Johnson, 2009 ). One C. difformis plant can produce 3000 viable seeds, and the seeds are very small and readily distributed. The ability of the species to complete a vegetative and reproductive cycle within a month during the hot season makes it very competitive with rice, which requires >130 d to reach maturity in DSR (Chauhan and Johnson, 2009) . Generally speaking, a rice-growing season using the DSR system is about 15 to 20 d longer than that using MTR. Moreover, shorter and shallower flooding in DSR may also facilitate the infestation of this weed. The infestation of weedy rice in DSR fields is prevalent in many rice-growing areas worldwide, and a shift from DSR to transplanting is frequently recommended to mitigate a weedy rice infestation (Kraehmer et al., 2016) .
weed seedbank Characteristics of Machine-transplanted rice system
The MTR fields tended to maintain a smaller sedge seedbank than did DDSR, but they retained larger seedbanks of R. indica, M. vaginalis, A. baccifera, L. chinensis, and E. crus-galli, which are all traditional principal weeds in rice fields in China and other Asian countries (Kraehmer et al., 2016; Li, 1998) . In general, the shift from traditional manual transplanting to direct seeding has magnified the weed problem (Kraehmer et al., 2016; Rao et al., 2007) .
The MTR system can emulate manual transplanting and thus relieve the problem of weeds. However, some traditional rice weeds are adapted to field conditions under the rice transplanting method and may continue to be a problem. Ordinarily, seedlings at the three-to four-leaf stage are transplanted at 30-cm intervals in the MTR system in East China, and traditional rice weeds may adapt to this niche. For example, E. crus-galli is one of the most devastating rice weeds, as it is well adapted to flooded and non-flooded environments. As it is a C 4 grass with a growth habit similar to that of rice, it competes efficiently for water and resources at the expense of rice (Chhokar et al., 2014; Mennan et al., 2012) .
Thus, the spacing between rice seedlings in the MTR system may facilitate an infestation of E. crus-galli, which should be immediately controlled (Moon et al., 2014) . Leptochloa chinensis is also highly adapted to different rice planting systems. It is a destructive weed species in the rice fields of many Asian countries and has become a troublesome invasive weed in the rice fields of Europe (Benvenuti et al., 2004) . During hot seasons, L. chinensis completes its vegetative and reproductive cycle between 30 and 40 d, which makes it very competitive with rice (Dong et al., 2003) . Moreover, our results implied that the MTR system tended to hold small seedbanks of weedy rice, sedges, upland weeds (such as D. sanguinalis and E. indica), and perennials. These findings should influence the design of weed management strategies and the rotation schedule of rice planting systems.
ConClusion
In Jiangsu Province, MTR system tends to save 15 to 20 d for wheat cultivation with more stable rice production, compared with DSR. Thus, local governments encourage farmers to implement the MTR system, rather than DSR. Rice growers frequently plant high-quality rice with MTR system in the Jiangsu Province. Nevertheless, to maintain a high production, the MTR system requires more capital for holding or hiring agricultural machinery for land preparation and seedling transplanting. Thus in areas with limited economic level, DSR is more popular. Moreover, many rice growers prefer DSR for lower planting costs, reduced irrigated water consumption, and no additional land for incubating rice seedlings for transplanting. In areas with limited availability of irrigation water, farmers prefer DDSR. Weeds are one of the main constraints of the DSR system. Our results suggest that the DDSR system maintains the largest weed seedbank with particularly high amounts of grasses and sedges. To downsize the weed seedbank in rice fields, WDSR or MTR should be employed in lieu of DDSR. Further, weed seedbanks from fields that employed different rice planting systems showed different compositions. Research on the influences of crop rotations among different planting systems (such as between MTR and WDSR in different growing seasons) on weed seedbanks should be further investigated. (201303022) and China Postdoctoral Science Foundation (2015M571763). We thank Longfen Zhu (Wujin Plant Protection Station, Jiangsu Province, China) for providing help with field work. We also thank the reviewers and editors for helpful comments on earlier drafts of the manuscript. 
